Abstract. New numerical models of starting plumes reproduce the observed volumes and rates of flood basalt eruptions, even for a plume of moderate temperature arriving under thick lithosphere. These models follow the growth of a new plume from a thermal boundary layer and its subsequent rise through the mantle viscosity structure. They show that as a plume head rises into the lowerviscosity upper mantle it narrows, and it is thus able to penetrate rapidly right to the base of lithosphere, where it spreads as a thin layer. This behavior also brings the hottest plume matehal to the shallowest depths. Both factors enhance melt production compared with previous plume models.
scribed blob of uniform temperature, rather than resulting from the ascent of a plume from the CMB.
In this paper we demonstrate, using high-resolution numerical models, that the details of how a plume grows from a thermal boundary layer and rises through the mantle have important effects on the thermal structure of the plume head and on the closeness of the approach of the plume to the Earth's surface.
These effects substantially enhance melt production in a plume head. In combination with a 15 vol % eclogitic component, the resulting model plumes readily reproduce observed volumes of flood basalts even with moderate plume temperatures.
We continue our modelling long past the arrival of the plume head to investigate melting in plume tails. We find that the melt rates for the Hawaiian hotspot are best matched with about 3 vol % eclogite in the tail. This apparent difference in the eclogite fraction of heads and tails may be due to nonvertical ascent and entrainment in real tails or to different degrees of eclogite-matrix reaction.
The estimated volumes of eclogite-derived melt provides an upper bound on the amount of magma likely to reach the Earth's surface, since some of the eclogite melt might react with surrounding peridotitic mantle and temporarily refreeze [Yaxley and Green, 1998 ]. However the degree of interaction of eclogitic melts with surrounding mantle is uncertain as it depends on the poorly understood physical processes of melt migration and extraction.
Using new experimental evidence, Takahashi et al. [1998] propose that the the main phase of eruption of the Columbia River Basalts may result from partial melting of an eclogitic source with little or no reaction with peridotire. Other flood basalts do show evidence of' reaction with peridotite, but their compositions can still be accounted for by assuming an eclogitederived primary melt. These findings suggest that it is possible for much of the eclogite-derived melt to reach the Earth's surface. Since the main question addressed here is whether the models can approach the observed order of magnitude of flood basalt volumes, we argue that the eclogite melting estimates are a sufficient approximation and that our results support the viability of the plume head model.
Background

Flood Basalts and Hot Spot Tracks
Flood basalts occur roughly every 10 or 20 Myr, both on continents (e.g., Siberian Traps, Columbia River Basalts) and on the ocean floor (e.g., Ontong Java Plateau, Kerguelen Plateau). [Coffin and Eldholm, 1994] . The present basalt production rate for the entire mid-ocean ridge system is 20 km3yr -•, and for subduetion related volcanism it is about 2 km3yr -•. In a global context, melt production from flood basalts is of secondary importance; however, flood basalts have excited much interest both because of their dramatic impact (e.g., they have been linked to mass extinctions  Campbell et al., 1992]) and because they do not appear to be generated by plate tectonic processes.
Hot spot tracks are linear trails of volcanism which often start at a flood basalt province: for example, the Reunion hot spot track starts at the Deccan Traps, India, and the Tristan hot spot track starts at the Parana flood basalt province, South America. Hot spot tracks are easiest to identify when they occur on oceanic crust, where they manifest as a sequence of volcanic ocean islands (e.g., Hawaii and the Emperor Seamount Chain), but they have also been traced on continents. Hot spots are relatively stationary with respect to one another, and this observation has led to the argument that they must have their origin in the deepest mantle where, because of high viscosity, lateral flow is very slow. The strength of hot spots, as indicated by their buoyancy fluxes, varies a great deal [Davies, 1988; Sleep, 1990] . For the strongest intraplate hot spot, Hawaii, the volume of volcanic rock above the ocean floor gives a rate of mantle melt production of 0.03 km3yr -• [C!ague and Dairytopic, 1989] . Subcrustal volcanism probably increases this number by a factor of 2 or 3, but we are left with a melt production rate for strong hotspots which is less than that for flood basalt provinces by 1 or 2 orders of magnitude. Weak hot spots (e.g., Tasmanfid [Duncan and Richards, 1991] ) can be another order of magnitude less productive.
Eclogite in the Mantle
The geochemical evidence for a larger eclogite component in plume heads (flood basalts) and tails (ocean island basalts) than in the MORB source is discussed by Cordcry et al. [1997] . This evidence consists of trace element and isotopic data [Hofmann and White, 1982] , oxygen isotopic data and Re-Os measurements of ocean island basalts, and the FeO content of flood basalts.
Together, the evidence suggests that some plumes contain a significant excess component of ancient (~2 Gyr) subdueted crust or sediment, although the proportions of eclogite and pyrolite in the source region and the degrees of partial melting of each cannot be determine unambiguously [Cordcry et al., 1997] .
A current understanding of mantle convection [e.g., Davies and Richards, 1992] lends some support to the geochemical evidence. The present subduction rate of oceanic crust into the mantle corresponds to 2% of the entire mantle volume every billion years, so after 4.6 Gyr of Earth history the mantle may well contain 10% or more of eclogite. Since the melting temperature of all mantle minerals increases strongly with pressure [Boehler, 1996] and ec!ogite is probably too cold to melt as it is subdueted, it will only be able to melt and react with the surrounding mantle materials when it is returned to the near surface. Throughout its residence in the deep mantle, subdueted oceanic crust will be deformed by mantle circulation, but any chemical homogenization (by solid-state reaction) will be minimal.
The distribution of eclogite within the mantle is a matter of debate. Seismic tomography [van der Hilst et al., 1997] indicates that some subducted lithosphere descends very deep in the mantle. It has been suggested that on the basis of differences in rheology and density, the subdueted crust might separate from the slab at the 660 km phase transition [Ringwood, 1982; van Keken et al., 1996] or at the base of the mantle [Christensen and mann, 1994] . According to Irifune [1993] and Kesson et al. [1994, 1998] Mixing efficiency within the mantle is also a matter of debate. evenly mixed; however, this does not accord with geochemical evidence from isotopes of both refractory elements and noble gas isotopes, which point to a more heterogeneous, less depleted, and less degassed reservoir in the lower mantle [Davies, 1990 There is clear geochemical evidence for differences between the ocean island basalt (OIB) source(s) and the MORB source. In our models we look at the implications for the melting rate if these differences are due to a higher proportion of nonreacting eclogite in the OIB source. This may be due to a difference in the bulk composition of the OIB sources, or it may reflect differences in the scale of heterogeneity and mechanisms of melt extraction (section 6.5). We envisage that eclogite is present in the mantle and in mantle plumes in discrete blobs and stringers which, in the lower mantle in particular, may have dimensions up to kilometer size. 
Previous Work
Numerical Models
Equations and Boundary Conditions
We ran the simulations using the finite difference, multigrid program CONMG, which has been successfully compared with published benchmarks [Blankenbach et al., 1989 ] and unpublished finite element solutions [Davies, 1995] 
where h is the "lithosphere thickness." For oceanic lithosphere the relationship between thickness and age is
h was reset to a desired thickness (60 or 90 km, corresponding to indicated by independent evidence from subduction zone geoids [Hager, 1984] . The viscosity was capped at 2000r/0. The effect of mineral phase transitions on density, latent heat, and thermal expansivity was neglected. The Rayleigh number Ra (Table 1) was 5.5 x 108.
Melting of Pyrolite and EelogRe
We assumed a plume composition of either pyrolite or 15 vol % eclogite. This eclogite fraction ( (i.e., dX/dO was constant In eclogite-bearing plumes melting of pyrolite was not considered: melt rates of pyrolite were always orders of magnitudes less than those for eclogite. Time was measured from the beginning of the simulations (q) and from the start of melting (t2).
Plume Heads and Flood Basalts
A summary of results is given in Table 2 The curves both rise from zero to an initial peak within about half a million years. This peak, which produces high melt rates for about 3 Myr, coincides with the arrival of the central part of the plume head, which has quickly risen through the upper mantle (Figure 2d) . A second, broader peak, which in the case of the pyrolite plume is actually higher than the first, is associated with the slow draining, over about 15 Myr, of the outer part of the plume head into the upper mantle (Figure 2e) . At still longer time, melting is due to quasi-steady state upflow of the plume tail.
Plume heads arise from a boundary layer instability at the CMB, and their initial buoyancy may be quite variable because the boundary layer may vary in thickness and composition due to unsteady flow in the deep mantle, which is affected by the irregular subduction of oceanic plates. A plume tail arises from the draining of the boundary layer into an existing conduit: its buoyancy flux is determined by its "catchment area" and the core heat flux, which may vary from place to place. Thus the buoyancy of a plume head is not necessarily related to the buoyancy flux in its tail, and so when looking at the melt rate produced specifically by plume heads, we restrict ourselves to the melting peak observed in the first 4.5 Myr.
Comparison of Models
The results for plume head melting are given in the left side of Table 2 Table 2) because the solidus has a shallow slope at depth and plume head is very hot when it first rises into the upper mantle and cools quickly with time. Eclogite may become exhausted along the plume axis. The shallow melting for eclogite with h = 60 km occurs in the outer part of the plume stem. Melting rates and volumes for plumes of pyrolite composition only approach those of flood basalt provinces for case BB with AT,,, = 450øC and h = 60 km. Hot eclogite-bearing plumes, particularly under thin lithosphere (BH, BG, GH) generate melt rates appropriate to oceanic plateaus, and only the coolest plume and the thickest lithosphere (JA) produce low melt rates. Figure 4 shows the total melt rate versus time for plumes of pyrolite composition. Except for the hottest case where the plume head intersects the solidus at depth (see above), the melt rate is relatively flat, and it is very sensitive to both plume temperature and lithospheric thickness, decreasing by roughly an order of magnitude for each 100øC decrease in plume temperature, or as the lithosphere thickness increases from 60 to 90 km.
Pyrolite Plumes
A clue to the low magnitude and relatively uniform melt rate with time can be found by examining the melt rate field in the plume head. Figure 6 shows that as ATcMt3 (and ATto) increases, the melting peak is more pronounced because at higher plume temperatures more of the plume head outside the plume axis is hot enough to melt at sublithosphere depths. 
Eclogite-Bearing Plumes
where the Nusselt number Nu is the normalized heat flux (Table  1) Table 1 ), we obtain c = 0.079_+0.002.
Qcm varies from 0.3 to 1.1 times the flux of the Hawaiian plume and so within reasonable values for the Earth. There is a time lag between the flux across the CMB and the flux in the upper part of the mantle, so the tail heat flux QuM at the time we measured the melt rate is somewhat higher than the base flux Qcm (Table 3) . The temperatures ATto are comparable with estimates of hot spot temperatures. These temperatures are significantly lower than the CMB temperatures and also lower than the plume head temperatures (Table 2 ). Figure 8 shows a plot of the centerline temperature of a plume tail, which decreases steadily, due to horizontal diffusion, as it rises through the lower mantle, then drops more abruptly as the tail passes into the upper mantle and thins. Table 2 lists the melt rates and the depth range of melting for pyrolite and 15% eclogite plume compositions. Melt rate varies about an order of magnitude on either side of the Hawaiian melt rate, with eclogite-bearing plumes having consistently higher values. The closest match to the Hawaiian plume for heat flux and lithosphere thickness is with cases GF and GI. GF has a melt rate only 20% of the Hawaiian melt rate, whereas GI has a melt rate a factor of 4 greater.
Seeking a closer match, we ran two further simulations with a lithosphere thickness of 105 km to match that underneath Hawaii.
We used plume compositions of pyrolite (GK) and 3 vol % ec!ogitc (GN) ( which is about 5% of the surface area of the CMB. Sleep [1990] estimates that the Hawaiian hot spot contributes about a tenth of the total flux from 40 hot spots. Assuming heat flux is proportional to catchment area, the catchment area in the models is reasonable.
In summary, we were able to produce a reasonable match to many of the features of the Hawaiian hot spot, including the buoyancy flux, temperature, lithosphere thickness, and CMB catchment area. To match the melt rate as well requires a few percent of eclogite in the plume. 6. Discussion
Reaction of Eclogite with Surrounding Peridotite
There is no question that primary ½clogite-dcrivcd melt would be om of equilibrium with peridotire. However, the degree of reaction and the ultimate amount and composition of the melt depends on how much of the original melt comes into contact with peridotite and on the conditions under which melting occurs. Yaxley and Green [1998] found that at 3.5 GPa (110 km depth) eclogite-derived melts are very siliceous (dacitic) at low melt fractions, and these react with pyrolite to form a more "fertile" peridotire. At temperatures at or below the pyrolite solidus, this fertile peridotite produces a volume of low-silica (nepheline-normative) picritic melt comparable with the original volume of eclogite. Picritic mantle melts may pond and fractionate near the base of the crust [Lassiter et al., 1995; Farnetani et al., 1996] , but nepheline normafive picrites would fractionate to produce low-silica basalts. Yaxley and Green [1998] •e explanation of the full range of flood basalt compositions is likely to involve some additional processes. Others have argued that ponding and fractionation (mentioned above) and crustal contmnination, which has been inferred on the basis of orthopyroxene abundance and other chemical signatures [Irvine, 1970; Campbell, 1985] 
Melt Volumes From Plume Heads and Tails
In this study we looked at melting of plume heads and tails under the lithosphere. We found that for a pyrolite composition melting rates were very low unless the plume temperature was very high and the lithosphere thin (Table 2) . Moreover, for a pyrolite composition, there was very little difference between the melt rate associated with the arrival of the plume head and that associated with the longer-term plume tail melting. This was because only the hottest plume material, situated along the axis of the plume, was able to melt. The large, warm plume head spread without melting.
For a plume containing 15 vol % eclogite, in contrast, there was a large peak in the melt rate as the plume head arrived at shallow depth because the outer part of the plume head was warm enough for the ec!ogite component to melt (Figure 7 ). The melt rates of a few million cubic kilometers per million years, and the peak width of a few million years (Table 2) , match observations of flood basalt provinces.
The melt rates of plume mils containing 15 vol % eclogite were a few times less than the peak melt rates but still higher than observed in hot spot tracks. The observed melt rate of the Hawaiian plume was matched by a plume tail containing 3 vol % eclogitc. It is conceivable but unlikely that plume tails actually contain a lower proportion of eclogite than plume heads, since they arise from the same region of the mantle. On the other hand, the circumstances in which magma ascends and erupts are substantially different for heads than for mils. The degree of reaction with surrounding mantle might well be systematically different, as we discuss in section 6.5. In addition, our axisymmetric plume tails are vertical, but real plume tails will be tilted from the vertical by the plate-scale flow in the mantle, and this will cause some ther- While both extremes are unlikely, we might expect the MORB source to be closest to the first scenario, plume heads closest to the second, and plume tails to be in between. This might help explain the different quantities of nonreacting eclogite that our numerical models require to match observed melt rates in MORB C0%), plume tails (~3%), and plume heads (~15%) without the need for the total eclogite fraction to be different. We argued in section 6.4 that real plume tails may be cooler than our axisymmetric models. Lower overall melting rates may also lead to a significant difference in the upward propogration of the melt.
Provided that eclogite in plumes is not mixed on a fine scale, the higher melting rates (of eclogite) in plume heads might lead to more rapid propagation of the melt, to greater propagation through dikes, and thus to less reaction with peridotitc, particularly if the eclogite stringers are aligned with the plume axis by flow and particularly if the melt can punch through the lithosphere in one location (section 6.3).
There are three factors which would tend to mute the effect of eclogite in the source of MORBs relative to plumes [Hofmann, 1997] . First, the MORB source, the upper part of the upper mantle, is arguably more intimately mixed than the CMB, where plumes originate [Davies, 1990] (although the scale of mixing in plumes near the surface has yet to be determined). Second, the results of Yaxley and Green [!998] suggest that eclogite would start to melt and react at asthenospheric depths before material entered the main melt zone under a ridge, Third, there is a high degree of partial melting of pyrolite at a mid-ocean ridges C13%), which would dilute the effect of eclogite heterogeneities.
Conclusions
Our numerical models show that the location, timing, and degree of melting in mantle plume heads is sensitive to the viscosity structure of the mantle through which the plume ascends and the thickness and strength of the lithosphere. When our models include a significant eclogite component, they yield the same order of magnitude as the observed eruption volumes in flood basalt provinces. While our calculation of eclogite melt volume is an end-member, recent experimental results indicate that eclogitc-derived melt may not be greatly modified during ascent and eruption. In any case our main conclusion survives even if the erupted volume is substantially less than the volume of melt generated in the eclogitic source regions.
